Abstract. Theoretical and modeling studies for the prediction of nonaqueous phase liquid (NAPL) entrapment and dissolution have largely assumed that the soil is preferentially water-wet. Many natural systems, however, have both water-and NAPL-wet solids as a result of spatial and temporal variations in fluid and soil properties. This condition is referred to as fractional wettability. This work presents long-term dissolution data for tetrachloroethylene (PCE) entrapped in porous media representing a range of grain sizes, gradations, and fractional wettabilities. Entrapment data suggest that for given wettability conditions, initial residual NAPL saturations tend to increase with decreasing soil mean grain size. In addition, residual NAPL saturations in finer-textured sands were observed to reach a minimum at intermediate wetting conditions, whereas residual saturations in coarser-textured media decreased asymptotically with increasing fraction of NAPL-wet sand. In dissolution studies, an increase in the NAPL-wet fraction tended to result in decreased PCE dissolution time, characterized by a longer period of high effluent concentrations, followed by a more rapid reduction in concentration. Increases in NAPLwet fraction, however, were also associated with higher sorptive capacities, leading to enhanced PCE concentration tailing. The influence of fractional wettability on PCE dissolution behavior was also found to depend on media grain size distribution, particularly for more water-wet soils. Experimental observations are discussed in the context of pore-scale conceptual models of entrapment.
Introduction
The improper storage and disposal of hazardous nonaqueous phase liquids (NAPLs) has resulted in widespread contamination of the subsurface environment [Dragun et al., 1984] . As a NAPL migrates within a formation, a portion is retained within the pore structure owing to capillary forces. This entrapped residual NAPL serves as a persistent source of pollution to flowing groundwater. Our ability to predict the performance of a particular remediation technology in a NAPL contaminated formation will be determined, to a large extent, by our understanding of the processes that control interphase mass transfer. Indeed, the success of conventional "pump-andtreat" groundwater remediation technologies [Kavanaugh, 1996] is now widely recognized to be controlled by the slow dissolution of residual NAPL to the aqueous phase.
Subsurface systems containing NAPL and water are generally assumed to be preferentially wetted by water. In water-wet systems, water occupies the smaller pores and the pore space immediately adjacent to the soil grains in the larger pores; residual NAPL is entrapped in the center of the larger pores as discontinuous spherical singlets or ganglia [Chatzis et al., 1983] . Entrapped NAPL ganglia may be quite complex in shape, occupying multiple pore bodies. These shapes are controlled by variations in pore structure and size, as well as by the initial NAPL release rate and saturation history [Land, 1968] . Studies in etched-glass micromodels that mimic the pore structure in natural media [Wilson et al., 1990] and observations of ganglia cast within porous media [Mayer and Miller, 1992; Powers et al., 1992] have confirmed this conceptual model.
The configuration of residual NAPL in natural subsurface systems can be more complex than that in water-wet sands and/or glass beads owing to variations in aqueous chemistry [Demond et al., 1994] , mineralogy [Anderson, 1986] , organic matter distributions [Dekker and Ritsema, 1994] , surface roughness [Morrow, 1975] , and contaminant aging [Powers and Tamblin, 1995] . Some porous media have both water-and NAPLwet solid surfaces. This condition is referred to as fractional wettability. In petroleum reservoirs, fractional wettability has been recognized as a ubiquitous condition [Brown and Fatt, 1956; Donaldson et al., 1969; Salathiel, 1973] . In a fractional wettability medium the residual NAPL can potentially be entrapped as multipore NAPL ganglia and singlets, typical of water-wet porous media, and as NAPL films coating some of the solid surfaces.
Changes in the pore-scale configuration of residual NAPL due to wettability variations have been reported to influence the NAPL-water interfacial area [Bradford and Leij, 1997] and the aqueous flow field [Wang, 1988] . Because interphase mass transfer processes have been demonstrated to be sensitive to system hydrodynamics and interfacial area [e.g., Powers et al., 1994a; Abriola and Bradford, 1998 ], it is logical to anticipate that dissolution will also be influenced by wettability variations. For example, at a particular NAPL saturation the NAPL-water interfacial area will be much higher when the NAPL is distributed as a film than when it is entrapped as singlets [Gvirtzman and Roberts, 1991] . Consequently, enhanced dissolution would be expected in fractional wettability systems. The accessibility of the residual NAPL to the flowing aqueous phase will also be influenced by the pore-scale NAPL configuration. Ganglia enCopyright 1999 by the American Geophysical Union.
Paper number 1999WR900178. 0043-1397/99/1999WR900178$09.00 trapped in water-wet solids are primarily found in a narrow range of larger pores. In contrast, residual NAPL films may exist within a much wider range of pore classes. Some of these pore classes, however, may be less accessible to a flowing aqueous phase.
Most previous experimental dissolution studies have been conducted in water-wet glass beads or silica sands [i.e., Pfannkuch, 1984; Hunt et al., 1988; Geller and Hunt, 1993; Parker et al., 1991; Miller et al., 1990; Powers et al., 1992; Guarnaccia et al., 1992; Imhoff et al., 1994] . Similarly, predictive approaches to describe the dissolution behavior of residual NAPL have generally neglected wettability considerations. These approaches include the development of mass transfer correlations [Miller et al., 1990; Parker et al., 1991; Powers et al., 1994a; Imhoff et al., 1994 Imhoff et al., , 1997 and attempts to explicitly model temporal changes in the interfacial area during dissolution [Geller and Hunt, 1993; Powers et al., 1994b] . It should be mentioned that more complicated mathematical expressions that divide the domain into regions in which different mechanisms (e.g., equilibrium and rate-limited) are controlling [e.g., Rixey, 1996; Garg and Rixey, 1999] , have been developed to describe rate-limited dissolution behavior. The research described herein was undertaken to explore the influence of fractional wettability on the long-term dissolution of an entrapped NAPL. A series of column experiments was conducted for dissolution of tetrachloroethylene entrapped in porous media representing a range of grain sizes, gradations, and fractional wettabilities. An understanding of the influence of wettability variations on the entrapment of residual NAPL and its subsequent dissolution should facilitate the prediction of NAPL persistence in natural soils.
Materials and Methods
This section outlines the media, fluids, and experimental procedures that were employed in this investigation. The experimental porous media consisted of various sieve sizes of Ottawa sands as indicated in Table 1 . Here, the median grain size (d 50 , in centimeters) and the uniformity index (U i ϭ d 60 /d 10 ) are measures of the average grain size and the distribution of grain sizes, respectively; here x% of the mass is finer than d x . Some of the sands were treated with a 3-5% solution (by volume) of octadecyltrichlorosilane (OTS) in ethanol to render them hydrophobic according to the procedure presented by Anderson et al. [1991] . The receding and advancing tetrachloroethylene (PCE)-water contact angles of OTStreated quartz slides were measured as 148Њ and 169Њ, respectively. Fractional wettability media were obtained by mixing various mass fractions of untreated and OTS-treated Ottawa sands. The final column in Table 1 presents the matrix of fractional wettability media that were employed in the dissolution experiments described herein.
The fluids employed in the experiments were Milli-Q water, and laboratory grade (99%) PCE (Aldrich Chemical Co., Milwaukee, Wisconsin). PCE has a density 0 of 1.623 g/cm 3 , a viscosity 0 of 0.89 cP [Lide, 1994] , and an interfacial tension 0w of 45.0 dyn/cm [Brown et al., 1994] . The equilibrium solubility C s of PCE was determined from batch experiments to be approximately 203 mg/L at 20ЊC. This value compares favorably with the value of 200 mg/L previously reported by Gillham and Rao [1990] . An estimated value for the aqueous phase diffusion coefficient D 0 of PCE is 6.57 ϫ 10 Ϫ6 cm 2 /s at this temperature [Hayduk and Laudie, 1974] .
Custom-designed aluminum columns, 4.8 cm long and 5 cm ID, were dry packed with the various fractional wettability media. Care was taken to ensure a uniform packing by completely mixing small quantities of the appropriate sieve size and wettability fractions before addition to the columns. After each incremental addition of soil, a wooden plunger was placed on top of the sand and the columns were briefly vibrated to minimize any settling and layering. These columns were then flushed with several pore volumes (PV, the product of the porosity and column volume) of carbon dioxide, followed by approximately 200 PV of Milli-Q water to saturate them. Table  2 provides porosity () values for each experimental soil column. The porosity was determined according to the method of Danielson and Sutherland [1986] using the measured soil bulk density and assuming a specific solid density of 2.65 g/cm 3 . Figure 1 is a schematic of the experimental setup employed for PCE entrapment. Water-and NAPL-wet ceramic plates (1 or 0.5 bar) were placed on the top and bottom of the column, respectively. Residual water saturation was attained by displacing water from the column with PCE by incrementally adjusting the boundary conditions for water and PCE reservoirs, which were hydraulically connected to the columns via the capillary barriers (ceramics). The maximum capillary pressure (water pressure minus PCE pressure) enforced across the columns ranged from 150 to 300 cm of water, depending on the soil type and wettability characteristics. The maximum capillary pressure was imposed for ϳ12 hours, until flow had visibly ceased. Boundary pressures were selected to ensure that more than 70% of the pore space was filled with PCE. A residual PCE saturation was similarly attained by displacing PCE from the column with water by incrementally adjusting the boundary pressure conditions. In this case, a minimum capillary pressure was enforced across the columns ranging from Ϫ150 to Ϫ300 cm of water.
To confirm the uniformity of PCE entrapment and to explore the spatial distribution of residual NAPL, some of the columns were scanned with a computer-aided-tomography X- ray (CAT scan) system. The General Electric CT 9800 CAT scan system was operated for 4-s intervals at a current setting of 140 mA and a voltage setting of 80 kVp. The high-resolution setting of this machine was employed to obtain CAT scan numbers for various locations in the columns at a scale of 0.5 mm ϫ 0.5 mm ϫ 1.5 mm. Residual PCE saturations were subsequently obtained using the procedure outlined by Vinegar and Wellington [1986] . The CAT scans confirmed that reasonably uniform residual PCE distributions were achieved along the columns using the entrapment protocol. The resolution of these CAT scan images, however, was insufficient to visualize the pore-scale distribution of residual PCE films and ganglia. Use of the CAT scan technique was not pursued further because of this limitation. Following entrapment, PCE dissolution experiments were conducted in the columns. Figure 1 presents the experimental setup employed in these dissolution experiments. Milli-Q water was pumped upward through the columns at a steady rate with a Masterflex L/S 10-channel drive pump. The average aqueous Darcy velocity q for the various soil columns is given in Table 2 . Aqueous phase samples (0.1 mL) were periodically collected in duplicate from the effluent stream from a syringe port and then injected into sealed 1.5-mL Wheaton autosampler vials containing 1 mL of hexane. The vials were subsequently shaken to insure complete extraction of PCE from the Figure 1 . Schematic of the experimental setup employed for PCE entrapment and dissolution. aqueous samples by hexane. Concentrations were then analyzed with a Hewlett-Packard 5890 gas chromatograph (GC) equipped with an electron capture detector (ECD). The detection limit for this GC/extraction technique was approximately 0.051 mg/L or a relative (C s ϭ 203 mg/L) effluent concentration of 2.5 ϫ 10 Ϫ4 . Effluent concentrations were determined as averages of two injections for each replicate effluent sample at each sampling time. Flushing experiments were continued until the separate phase PCE was "completely" recovered; i.e., effluent concentrations dropped 3-4 orders of magnitude below the equilibrium solubility. Removal of nonaqueous phase PCE was confirmed for several of the columns by monitoring effluent concentrations before and after a flow interruption. Theoretically, if separate phase PCE is still present in a column, the effluent concentration should rebound to near equilibrium solubility levels when flow is reinitiated, provided that the flow interruption occurs for a sufficient duration [Pennell et al., 1993] .
The cumulative PCE volumetric content 0 recovered in the aqueous phase at time t was calculated from
where Q is the aqueous phase flow rate (liters per minute), V T is the total column volume (cubic centimeters), t* is a dummy time variable (minutes), and C is the concentration (milligrams per liter) (mg/L) of PCE in the aqueous phase. The initial residual PCE volumetric content entrapped in the columns, r0 , was estimated by setting t equal to the ending time of the experiment. Independent estimates of the residual saturation obtained from other mass balance considerations are believed to be considerably less accurate than (1) owing to the experimental protocol, which required changing end plates between the entrapment and dissolution portions of the experiments.
Experimental Results and Discussion

Entrapment
The magnitude of the residual NAPL saturation S r0 has been reported to depend on experimental emplacement protocols [Morrow et al., 1988] and the NAPL continuity, which is a function of pore structure and the spatial distribution of NAPL-wet solids [Morrow and Mungan, 1971; Lorenz et al., 1974; Morrow, 1976] . In water-wet systems, Morrow et al. [1988] found that residual nonwetting phase entrapment was dependent on the magnitude of the capillary (N C ϭ w q/ 0w ; where w and q are the aqueous phase viscosity and Darcy velocity, respectively) and bond (N B ϭ ( 0 Ϫ w )gr 2 / 0w , where w is the aqueous phase density, g is the acceleration due to gravity, and r is the mean soil grain size radius equal to d 50 / 2) numbers. For the experimental systems employed in this study, N C never exceeded 2 ϫ 10 Ϫ6 , and N B ranged from 7.3 ϫ 10 Ϫ4 to 1.6 ϫ 10
Ϫ2
. Morrow et al. [1988] concluded that variations in N C and N B of this magnitude could at most account for variations of 1.4 -15.5% in the magnitude of the entrapped NAPL saturation in a particular medium. Unfortunately, their analysis is strictly valid for water-wet systems, and no systematic studies have been conducted to explore the coupled influence of experimental emplacement protocols (N C and N B ) and wettability on NAPL entrapment. To interpret the residual saturation data presented below, it is assumed that S r0 variability can be attributed primarily to soil texture and wettability characteristics, and not to the experimental emplacement protocols.
Estimated values of entrapped PCE volumetric content ( r0 ) and residual saturation (S r0 ϭ r0 /) for each of the column experiments are presented in Table 2 . Figure 2 presents these S r0 values as function of the NAPL-wet mass fraction (OTS%) for each of the sands (see Table 1 ). The 95% confidence intervals reported in the figure are based upon the variability in measured effluent concentrations (analytic error) for the individual columns. It should be noted that these confidence intervals do not reflect the potential variability in residual saturations due to differences in column packing (e.g., microscopic differences in soil grain size distribution); sufficient replicate experiments were not available to quantify such uncertainty. Despite the scatter in S r0 values, the plotted data suggest that wettability variations can have a strong influence on residual NAPL entrapment. Here the magnitude of residual saturations for the sands varies as much as 52 to 80% as wettability is altered. A number of studies in the petroleum literature [see Morrow and Mungan, 1971; Lorenz et al., 1974; Morrow, 1976 Morrow, , 1990 have reported a similar influence of wettability on entrapped NAPL residuals in sandstone and in glass micromodels during waterflooding. The value of S r0 in sandstone cores has typically been found to be lowest under neutral wettability conditions [Lorenz et al., 1974] . Observe in Figure 2 that the residual NAPL saturation in finer-textured (F35-F50-F70-F110 and F70-F110) soils follows a similar pattern, reaching a minimum at intermediate OTS percentages. In contrast, the residual NAPL saturation of coarser-textured (F20-F30 and F35-F50) soils tends to decrease and plateau with increasing OTS percentages. One possible explanation for these observations is that the presence of NAPL films facilitates the drainage and/or depletion of ganglia, which otherwise are entrapped near water-wet solids. As the OTS percentage increases, more NAPL is retained as films. In the case of the finer-textured F35-F50-F70-F110 and F70-F110 soils, the relatively high surface area of these soils leads to increasing NAPL saturations with increasing OTS percentages. In contrast, the coarser-textured soils have a relatively low surface area, and hence increases in the OTS percentage do not lead to significant increases in the NAPL saturation.
A second trend that may be observed in Figure 2 is increasing residual NAPL saturation with decreasing mean grain size at a given wettability condition. This trend may be due in part to the reported dependence of the residual saturation on N B [ Morrow et al., 1988] (N B increases and S r0 deceases with increases in the mean grain size). An inverse correlation of residual saturation with grain size for media with NAPL-wet solids can also be easily explained in terms of the relationship between increasing solid surface area and decreasing permeability [Carman, 1937] . Similar trends were also reported for water-wet sands by Dekker and Abriola [1999] , who presented a correlation for residual NAPL saturation as a function of intrinsic permeability. This correlation was developed from the data of and Hoag and Marley [1986] .
Dissolution
Effluent data from a representative dissolution experiment are plotted in Figure 3 . Here effluent concentrations represent PCE recovery from the 100% OTS-coated, graded Ottawa sand (F35-F50-F70-F110 ). In Figure 3 the log of the normalized concentration (C/C s ) is plotted versus number of liters of water flushed through the column. Error bars, for the 95% confidence intervals, based upon replicate measurements, are also presented. If the error bar is not visible, it is smaller than the symbol. Note that effluent concentrations are high for an initial period and then tend to decrease over time (volume) until a low concentration level (tailing) is attained. This decreasing concentration trend can be attributed to changes in NAPL-water interfacial area as the PCE dissolves. Although similar concentration trends were observed in all dissolution experiments, variations in sand texture and wettability conditions created substantial variability in the shapes of the falling portion of the concentration curves.
The concentration rebound present in the tailing region of the effluent curve in Figure 3 is associated with a flow interruption of approximately 169.5 hours. When water flow was resumed, effluent concentrations decreased rapidly to the same level that occurred before the flow was stopped. Flow interruption behavior was similar for all dissolution experiments. Note that in the concentration tailing region, error bars appear larger. This is a consequence of the log scale data presentation and of the limits of the analytical method. Similar analytical error behavior was observed in all experiments. For clarity of presentation, subsequent figures present neither error bars nor flow interrupt data. Table 3 , however, summarizes flow interrupt information, which is discussed later.
In order to facilitate comparisons among the long-term column dissolution experiments presented herein, the normalized concentration curves have been "shifted" along the abscissa (shifted volume, VЈ), so that the area under each curve (from VЈ ϭ 0 to the value of VЈ at the end of the dissolution experiment) represents recovery of the same volume (mass) of PCE. Here a comparison is made among the shapes of effluent concentration curves during the dissolution of the final 0.02 volumetric PCE content in the columns. Since all columns have the same dimension, this dissolved volume is equivalent to 3.185 g of PCE.
Figure 4a presents a semi-log plot of normalized effluent concentrations versus shifted volumes (VЈ) of water flushed through the columns containing F35-F50 sands under different wettability conditions. Note that differences in a medium's wettability characteristics can have a dramatic influence on PCE recovery. In general, an increase in the extent of fractional wettability significantly reduces the flushing volume required to achieve concentrations three orders of magnitude lower than the equilibrium solubility. For columns with lower NAPL-wet fractions (OTS Յ 25%), the influence of the addition of NAPL-wet solids is particularly marked. An increase in NAPL-wet fraction is associated with a longer period of high effluent concentrations, followed by a more rapid decrease in concentration levels to a tailing region. For higher NAPL-wet systems (OTS Ն 50%) there is less sensitivity to an increase in NAPL-wet fraction. Curves for OTS equal to 50, 75, and 100% are remarkably similar, differing primarily in the concentration tailing region.
Effluent concentration data for other sand size fractions are presented in Figures 4b through 4d . Here again, the influence of an increase in NAPL-wet fraction is readily apparent, with increasing fractional wettability associated with reduced dissolution times. A careful comparison of these figures also suggests that grain size distribution influences the system response to changes in fractional wettability conditions. For example, consider Figure 4c , which presents dissolution data for the most graded sand. Here each increase in NAPL-wet fraction is associated with a change in the dissolution rate. This behavior can be contrasted with that exhibited in Figure 4d by systems composed of the finest (F70-F110) sand fraction. Here curves for OTS Ն 25% are relatively indistinguishable.
A possible explanation for the dissolution behavior shown in Figure 4 is obtained by considering hypothetical PCE distributions in fractional wettability media as shown in Figure 5 . In fractional wettability media it is likely that the residual PCE is entrapped both as films covering NAPL-wet solids and as larger ganglia near water-wet solids. The relative proportion of PCE entrapped as films and ganglia depends on both the extent of fractional wettability and the grain size distribution parameters. The dissolution behavior of such residual NAPL is known to be sensitive to the NAPL-water interfacial area [e.g., Powers et al., 1994] . The estimation and modeling of temporal changes in interfacial area during dissolution is beyond the scope of this manuscript. Theoretical approaches to estimate NAPL-water interfacial areas, however, suggest that the area to volume ratio of the entrapped NAPL will be much higher when the PCE is distributed as films than when it occurs as ganglia, and that this ratio will increase with increasing NAPLwet fraction and decreasing mean grain size [Gvirtzman and Roberts, 1991; Bradford and Leij, 1997] . Consequently, the presence of PCE films is likely responsible for the longer periods of high effluent concentrations in the higher OTS% systems. The existence of films in contact with ganglia may provide a source of replenishment to the films and promote depletion of the ganglia, which would facilitate the maintenance of high interfacial areas and effluent concentrations during dissolution. Once the PCE films are dissolved, a dramatic decrease in interfacial area is hypothesized to occur, which would lead to a sudden drop-off in concentration.
The dissolution behavior in the high OTS soils is further examined in Figure 6a , which presents effluent concentration data for columns containing 75% OTS media. The NAPL configuration and dissolution behavior of the 50 and 100% OTS media are almost identical to those of the 75% OTS soils and therefore are not presented. Note in Figure 6a that the long-term dissolution behavior for the various grain size distributions is very similar. The initial effluent concentrations are near equilibrium, followed by a dramatic decrease in concentration, and similar low concentration tailing. This behavior can be attributed to the fact that the residual PCE is distributed mainly as NAPL films coating the OTS-treated solid surfaces. The NAPL films have a high interfacial area, which allows high effluent concentrations to be maintained until more than 99% of the mass is removed. The remaining NAPL mass, which is responsible for the tailing behavior at low effluent concentrations, is discussed later in this section.
Mass transfer behavior similar to that shown in Figure 6a has been observed in volatilization studies when the residual NAPL spreads on the residual water-air interface . Both systems may have comparable pore-scale configurations of the residual NAPL. In studies of initial entrapped NAPL phase volatilization, Wilkins et al. [1995] observed that mass transfer rates were proportional to the mean grain size and independent of the uniformity coefficient. Assuming comparable residual NAPL distributions in the two Figure 5 . Hypothetical pore-scale distributions of PCE in a fractional wettability porous medium. Reproduced with permission from Environmental Health Perspectives [Abriola and Bradford, 1998 ]. systems, this would suggest that faster dissolution times should occur in the coarser-textured soils. Observe in Figure 6a that the coarser-textured soils do exhibit slightly faster dissolution times than the finer-textured materials.
In water-wet media the long-term dissolution behavior has been demonstrated to be associated with the interfacial area of the entrapped ganglia [Powers et al., 1994a] . As dissolution proceeds, the interfacial area of the ganglia is hypothesized to slowly decrease as the ganglia decrease in size. Ganglia that possess a lower interfacial area per NAPL volume, as found in coarser and more graded soils, are theoretically most persistent . Figure 6b presents a plot of effluent concentration for columns containing 0% OTS media. Observe that the various size fractions of Ottawa sand exhibit gradual changes in effluent concentrations over prolonged periods, attributed to the slow dissolution of the entrapped PCE ganglia. The dissolution time was shortest for the F35-F50 sand, followed by the F70-F110 and the F35-F50-F70-F110 sands, and then finally the coarsest F20-F30 sands. Powers et al. [1994a] reported that dissolution time increases with increasing mean grain size and uniformity coefficient. The dissolution data presented in Figure 6b do not follow this trend. This discrepancy is not fully understood at present but may be due to differences between the soil grain size distributions used in each study. For example, Powers et al. [1994a] utilized soils with mean grain sizes ranging from 0.045 to 0.12 cm, whereas this study encompasses sands ranging from 0.015 to 0.071 cm. The coarser-textured F35-F50 and F20-F30 sands exhibit dissolution behavior similar to that reported by Powers et al. [1994a] and have d 50 values (0.036 and 0.071 cm, respectively) that are most comparable to those in their work. In contrast, the finer textured F70-F110 and F35-F50-F70-F110 sands exhibit significantly longer dissolution times than would be anticipated on the basis of Powers et al. [1994a] . One possibility is that the entrapped ganglia are less accessible to flowing water in very fine textured soils. A second related hypothesis is that dissolution fingering may have occurred in the finer-textured sands . Without further information on the evolution of porescale saturation distributions, these explanations cannot be confirmed. Figure 6c presents effluent concentration data for columns containing 10% OTS media. Observe that the long-term dissolution behavior shows a pronounced dependence on the mean grain size; the dissolution time increases as the mean grain size decreases. This result is somewhat surprising, since for the same NAPL-wet mass fraction, the finer-textured soil is expected to have a higher interfacial area and hence enhanced mass transfer. One possible explanation is obtained by postulating interactions between ganglia and films. For example, suppose that the presence of NAPL films, larger ganglia, and diminished capillary forces in coarser-textured soils facilitates the drainage of ganglia in contact with NAPL films. In support of this hypothesis, observe in Figure 2 that the residual NAPL saturation for the coarser sands decreased substantially with a small addition of NAPL-coated material (10% OTS). If this conceptual model is correct, ganglia would not persist in these 10% coarser-textured media, and a greater fraction of the NAPL mass would be present as films, leading to a higher specific interfacial area. Consequently, the coarser-textured soils would exhibit enhanced mass transfer compared with the finer-textured soils. In further support of this hypothesis, observe in Figure 4b the similarities in dissolution behavior for the 10% and 75% F20-F30 OTS sands, indicating enhanced mass transfer at low OTS%. Analogously, note in Figure 4d the similarity between the 0% and 10% OTS curves for the F70-F110 sand, which suggests that a significant portion of the residual NAPL occurs as ganglia in both sands. Figure 6d presents effluent concentrations for columns containing 25% OTS media. Comparison of Figures 6d and 6a (75% OTS) reveals very similar dissolution behavior when C/C s Ͼ 0.01, and striking differences when C/C s Ͻ 0.01. When C/C s Ͼ 0.01, the dissolution characteristics of the PCE entrapped in 25% OTS media can be explained in an analogous fashion to that discussed above for Figure 6a . Here relatively constant interfacial areas are maintained due to the presence of NAPL films and/or film-ganglia interactions. In contrast to Figure 6a , however, the most graded F35-F50-F70-F110 sand tends to exhibit more gradual changes in concentration (less curvature), resulting in a slightly longer dissolution time. Similar behavior was observed for the 50% OTS F35-F50-F70-F100 soil (see Figure 4) . It is hypothesized that this difference in dissolution behavior can be attributed to the presence of less accessible NAPL films. In the more graded F35-F50-F70-F110 soil, NAPL films in the larger pores would tend to dissolve more rapidly than those in finer pores, owing to a decreased residence time for water and hence a larger concentration gradient at the NAPL-water interface in larger pores. The influence of such films would only be apparent after significant removal of the NAPL mass from the more accessible portions of the pore space, and hence calculated initial mass transfer rates would not likely show a strong dependence on the uniformity coefficient.
Note in Figure 6d the dissolution tailing behavior when C/C s is less than 0.01. The tailing behavior of the F35-F50 and F35-F50-F70-F110 sands, in particular, may occur as a result of isolated lower interfacial area ganglia that do not interact with the NAPL films. Such ganglia would dissolve at a slower rate than NAPL films or ganglia-film combinations and hence would not become apparent until most of the NAPL had dissolved. The presence or absence of such isolated ganglia are likely very sensitive to the pore-scale distribution of NAPL-wet sands in the soil column and hence less reproducible. The observed differences between the tailing behavior in the replicate F35-F50 sand experiments supports this hypothesis.
The persistent concentration tailing behavior observed in Figures 4 and 6 could be attributed to (1) desorption of PCE from the sands, (2) the presence of persistent PCE ganglia, which dissolve more slowly than the PCE films owing to their lower interfacial area per volume ratio, and/or (3) the presence of less accessible PCE films. The possibility that the presence of separate phase PCE was responsible for the observed concentration tailing was investigated by interrupting water flow in some of the experiments. Table 3 summarizes flow interruption data obtained at the end of several soil column dissolution experiments. A precise analysis of these flow interrupt data is complicated by the dependence of the concentration rebound on OTS percentage, flow interruption duration, and volume flushed before the interruption. Observe that for a given flow interruption duration, the concentration rebounds tended to be highest for water-wet and lower OTS percentage soils. If no separate phase PCE were present in the columns, then the opposite trend would be anticipated based upon the sorption capacity of the soils; i.e., higher-OTS soils have the greatest sorption capacity. This observation suggests that limited amounts of separate phase PCE (low interfacial area ganglia) may have been present in some of the low-OTS soils. Note, however, that the concentration rebound was always less than 16% of C s , suggesting that very little PCE remained. S. A. Bradford et al. (Dissolution of residual tetrachloroethene in fractional wettability porous media: Correlation development and application, submitted to Journal of Contaminant Hydrology, 1999) recently analyzed the long-term fractional wettability dissolution data presented herein using numerical modeling and measured equilibrium sorption parameters. Their results suggest that rate-limited desorption can adequately describe the observed low-concentration tailing behavior of the higher OTS fraction soils. Imhoff et al. [1998] also reported that ratelimited desorption was responsible for the low concentration tailing observed in their long-term dissolution data.
Summary and Conclusions
This paper presents experimental studies investigating the entrapment and long-term dissolution behavior of residual PCE in sandy porous media, encompassing a wide range of grain size distribution parameters and fractional wettabilities. Results reported herein indicate that both wettability and grain size distribution characteristics are important parameters in determining the entrapment and the long-term dissolution behavior of residual NAPLs.
For a given soil wettability, the magnitude of the residual NAPL saturation tended to increase with decreasing mean grain size. In fractional wettability soils this result is likely due to increases in NAPL-wet solid surface area with decreases in the mean grain size. The influence of wettability on the residual NAPL saturation was also found to depend on the soil mean grain size. In finer-textured soils, the residual NAPL saturation tended to achieve a minimum for intermediate OTS percentages. The initial decrease in residual saturation with increasing OTS percentage was attributed to the depletion and/or drainage of ganglia near water-wet sands by NAPL films. Further increases in the OTS percentage led to increases in the residual NAPL saturation, presumably due to increasing coverage of the relatively high surface area OTS sand fraction. In coarser-textured sands, however, the residual NAPL saturation tended to decrease and plateau with increasing OTS percentages. This observation was again attributed to the depletion and/or drainage of ganglia by NAPL films. Here, however, diminished capillary forces and increasing ganglia size were hypothesized to facilitate the drainage of the ganglia. The relatively low surface area of these coarser sands was also hypothesized to be responsible for the diminished sensitivity of the residual saturation to further increases in the OTS percentage. Previous dissolution studies and mass transfer correlations have neglected wettability considerations. The experimental studies reported herein demonstrate that fractional wettability significantly influences the long-term dissolution behavior of residual PCE. Effluent concentration curves for the water-wet media exhibited gradual concentration changes over time (volume) , attributed to the presence of low interfacial area ganglia which dissolve slowly. In contrast, fractional wettability systems achieved effluent concentrations 3 orders of magnitude below the equilibrium solubility much more rapidly. This result was attributed to the presence of higher interfacial area PCE films coating the OTS treated sands. For a given soil grain size distribution, increases in the OTS mass fraction led to an increase in the NAPL-water interfacial area and hence a decrease in the dissolution time. Benefits derived from this reduced dissolution time may be partially offset by the increased sorption capacity of fractional wettability soils, which was hypothesized to be responsible for the observed rate-limited low level concentration tailing (C/C s Ͻ 10 Ϫ3 ). Results also indicate that the influence of fractional wettability on the long-term dissolution behavior of PCE is strongly dependent on the soil grain size distribution characteristics. The effects of grain size distribution parameters were especially pronounced for soils consisting of low OTS percentages. For coarse-grained media a dramatic decrease in the dissolution time was observed when a small proportion of NAPL-wet grains (10%) was present. This behavior was attributed to alteration of the residual NAPL saturation configuration due to ganglia drainage by film flow. The dissolution behavior of PCE in soils composed of 25 and 50% OTS percentages was also observed to be sensitive to changes in soil gradation. For these systems the NAPL was hypothesized to occur primarily as NAPL films, with a few isolated ganglia that are strongly dependent on the pore-scale distribution of OTS sands. Variable accessibility of the NAPL films to flowing water, as a result of soil gradation in these systems, was hypothesized to be responsible for the observed increase in dissolution time for the most graded soil.
There is currently little available information on subsurface variations in soil wetting properties. Results presented herein indicate that wettability characteristics should be considered in NAPL entrapment and dissolution studies. Hence there is presently a need to quantify wettability parameters in natural soils and subsurface formations. Future research will investigate the entrapment and dissolution of NAPLs in natural soils, and the application of these findings to larger-scale aquifer environments.
